OBJECTIVEdMetabolic activation of the innate immune system governed by interleukin (IL)-1b contributes to b-cell failure in type 2 diabetes. Gevokizumab is a novel, human-engineered monoclonal anti-IL-1b antibody. We evaluated the safety and biological activity of gevokizumab in patients with type 2 diabetes.
O nset of type 2 diabetes occurs when pancreatic b-cells fail to adapt to the increased insulin demand caused by insulin resistance. Morphological and therapeutic intervention studies have uncovered an inflammatory process in islets of patients with type 2 diabetes characterized by the presence of cytokines, immune cells, b-cell apoptosis, amyloid deposits, and fibrosis. This is attributed to a pathological activation of the innate immune system by metabolic stress and is governed by interleukin (IL)-1 signaling (1) (2) (3) (4) .
Based on the above-described islet inflammation with a predominant role for IL-1b, we initiated clinical trials of IL-1 antagonism in type 2 diabetes. In a proofof-concept study, the naturally occurring antagonist of IL-1b, IL-1 receptor agonist (IL-1Ra), was tested in a placebo-controlled study of 70 patients (5) . At 13 weeks of treatment, glycated hemoglobin was significantly improved as a result of enhanced b-cell secretory function. Of interest, some improvement promoted by IL-1b blockade lasted for at least 39 weeks following treatment withdrawal (6) . More recently, IL-1Ra also was shown to improve insulin secretion in prediabetic patients (7) . This indicates the disease-modifying potential of this therapy (8) .
Although the results obtained with IL-1Ra in patients with type 2 diabetes are encouraging, IL-1Ra has characteristics that make it unsuitable for the treatment of type 2 diabetes, such as its short half-life and injection-site reactions (9) . It would have to be taken on a daily basis to maintain adequate suppression of IL-1b. Moreover, the amount of IL-1Ra required would make treatment an expensive option. Of importance, an anti-IL-1 strategy that spares IL-1a may offer safety benefits. Therefore, specifically reducing IL-1b activity with longer-lasting agents would provide a therapeutic improvement in terms of sustained inhibition of IL-1b-mediated isletassociated inflammation.
Gevokizumab is a recombinant humanengineered monoclonal antibody that binds and neutralizes human IL-1b with a Kd of 0.3 pmol/L (10) . The predicted circulating half-life of the antibody was 22-25 days. The Fc of gevokizumab is the IgG 2 isotype, which unlike IgG1 Fc does not activate the FcRIII on macrophages and other myeloid cells, thereby reducing the probability of antibody-dependent cell-mediated cytotoxicity. In this study, we evaluated the safety, pharmacokinetics, and diabetesand inflammation-related parameters of gevokizumab in patients with type 2 diabetes.
RESEARCH DESIGN AND
METHODSdThis first-in-humans, randomized, placebo-controlled, doseescalation study was carried out concurrently in the U.S. and Switzerland. The U.S. arm of the study included 68 subjects (56 in the gevokizumab group and 12 in the placebo group) and took place between September 2007 and June 2009. The Swiss arm of the study included 30 subjects (25 in the gevokizumab group and 5 in the placebo group) and took place between November 2007 and July 2009. XOMA (U.S.), the manufacturer of gevokizumab, sponsored the study.
The eligibility criteria of both arms of the study were similar. Patients were requested to continue stable doses of baseline antidiabetes treatments (metformin, sulfonylureas, and/or insulin) and were asked not to change their diet and exercise habits during the study. Both arms of the study tested single intravenous doses of gevokizumab at the same five-dose levels (0.01, 0.03, 0.1, 0.3, and 1.0 mg/kg). In addition, there was a three-part study in the U.S. arm that tested a single intravenous dose of 3.0 mg/kg (part 1), a single subcutaneous dosing at three dose levels (part 2), and multiple subcutaneous dosing at two dose levels (part 3) (Fig. 1A) . The follow-up of patients was 2 months in the U.S. arm and 3 months in the Swiss arm. Randomization was performed with the use of a common, central, computer-generated system with permutated blocks of six schedules.
Throughout the course of the study, treatment assignment was blinded to study subjects and investigators but not to the sponsor (XOMA). The sponsor maintained blinding in all communications with investigators and other site personnel. The study was approved by investigational regulations committees in Switzerland and the U.S. Written informed consent was obtained from each patient prior to randomization.
Inclusion and exclusion criteria
The inclusion criteria were type 2 diabetes diagnosed according to the American Diabetes Association (11) , with a duration of .3 months (.6 months for the U.S. arm); age $18 and #70 years; a glycated hemoglobin level at screening $7.5 and #12% (#12.5% for the U.S. arm); BMI $23 and #40 kg/m 2 ; stable disease, defined as no recent change in type 2 diabetes medications; and the patient's agreement not to change his or her diet and exercise during the study.
The exclusion criteria were use of antiinflammatory therapy other than aspirin (#100 mg/day); use of immunosuppressive therapy; use of b2 and nonselective adrenergic blockers; use of thiazolidinediones, glucagon-like peptide agonists, or dipeptidyl peptidase-4 inhibitors; fasting C-peptide ; creatinine .1.5 mg/dL; aspartate aminotransferase/alanine aminotransferase .2 3 upper limit of normal; alkaline phosphatase .2 3 upper limit of normal; positive test for GAD65 or insulinomaassociated protein 2 autoantibodies; known HIV antibody positivity, hepatitis B surface antigens, and/or hepatitis C antibodies; history or evidence of thyroid abnormalities, including active hyperthyroidism needing medication; abnormal T3, T4, thyroglobulin, or thyroid-stimulating hormone levels; infectious disease (C-reactive protein [CRP] .30 mg/L), fever, or infection requiring treatment with antibiotics within 3 weeks; history of recurrent infection or predisposition to infection; (active leg or foot ulcer); malignancy within 5 years prior to study entry other than carcinoma in situ of the cervix or adequately treated, nonmetastatic squamous or basal cell carcinoma of the skin; history of severe allergic or anaphylactic reactions to humanized or murine monoclonal antibodies; history of tuberculosis, positive purified protein derivative test, or active atopic disease requiring medication; asthma; immunodeficiency; history or symptoms of a demyelinating disease; clinically significant diabetic macular edema and/or proliferative diabetic retinopathy by history or fundoscopy; use of a therapeutic monoclonal antibody within 90 days; participation in an investigational drug or device trial within 30 days; major surgery within 28 days prior to day 0; receipt of a live (attenuated) vaccine within 3 months; and female subjects who were pregnant, planning to become pregnant during the course of the study, or who were breastfeeding.
Study end points
The primary objective of the study was to evaluate the safety of gevokizumab in type 2 diabetic patients. The safety assessments included evaluation of adverse events, clinically significant changes from baseline in vital signs, electrocardiograms, and laboratory values (hematology, chemistry, and urinalysis); infusion reactions; and immune responses to gevokizumab. The Swiss arm additionally included diabetic foot exams, thyroid physical exams, and ophthalmic exams, and the U.S. arm included assessments of forced expiratory volumes.
Secondary objectives comprised pharmacokinetics of gevokizumab, standard diabetic parameters (glycated hemoglobin, fasting glucose, and C-peptide), and inflammatory markers (CRP, WBC counts, and ex vivo cytokine production from wholeblood cultures in response to inflammatory stimulants). In the Swiss arm, oral and intravenous stimulation tests of C-peptide release were included. A glucose stimulation test was performed at baseline and at 4 and 13 weeks to assess b-cell function and insulin production/reserve. Subjects ingested 75 g glucose and were sampled for plasma glucose and C-peptide measurements at -10, 0, 30, 60, 90, and 120 min. Immediately at the end of the oral glucose tolerance test, an intravenous injection of 0.3 g glucose/kg body wt, 0.5 mg glucagon, and 4.5 g arginine was administered. Blood then was sampled at 0, 3, 6, 9, and 12 min. The patients were asked to forgo their antidiabetes medication and fast for 8-9 h prior to the test. Wholebody insulin sensitivity index was calculated as 10,000/square root of [fasting glucose (mmol/L) 3 fasting insulin (pmol/L) 3 (mean glucose {mmol/L} 3 mean insulin {pmol/L} during the oral glucose tolerance test)] (12).
Whole-blood cultures for ex vivo cytokine production Heparinized blood was obtained before and on days 1, 7, and 28 after the administration of gevokizumab. At the same time, blood was sent for routine hematology. A total of 250 mL of blood were added to 1.5-mL sterile cryotubes (Fisher) containing 750 mL of RPMI (Grand Island) or RPMI with premeasured stimulants as follows: lipopolysaccharides (LPS) (Sigma), such that the final concentration was 100 ng/mL; heat-killed Staphylococcus epidermidis, such that the final concentration was 10 bacteria per WBC (assuming the average WBC is 7,500 mm 3 ); the combination of IL-12 plus IL-18, such that the final concentration of IL-12 (R&D Systems) was 2 ng/mL and the final concentration of IL-18 was 20 ng/mL; or LPS plus muramyl dipeptide (Sigma), such that the final concentration of LPS was 10 ng/mL and the final concentration of muramyl dipeptide was 10 mg/mL.
The tubes were capped tightly and incubated at 378C for 24 h. Thereafter, the tubes were inverted several times, 100 mL of 5% Triton X (Sigma) were added, and, after thorough mixing, the tubes were frozen at -208C. After last-patient last-visit, the tubes were thawed and assayed for total cytokines. Cytokines assayed were IL-1a, tumor necrosis factor (TNF) a, interferon (IFN) g, IL-6, and IL-1Ra using electrochemiluminesence (BioVeris, Gaithersburg, MD). The electrochemiluminesence assay for cytokines has been described previously (13) . The coefficient of variance for each cytokine assay is ,20%.
Cytokine levels in picograms per milliliter of the lysed blood culture were converted to percentage change in cytokine levels per million WBCs based on the WBCs at the time of the blood draw for each time point. The data then were analyzed by setting the cytokine concentration per million WBCs before the infusion of gevokizumab at 100% for each cytokine. For each time point (days 1, 7, and 28) following the infusion, the percentage change from the preinfusion level was calculated for each subject. The mean percent change (6SEM) for each cytokine and each dose group or placebo was then calculated for each time point.
Statistical analyses
Safety and biological activity analyses included all subjects who received any amount of study drug (intent-to-treat analysis). No interim analyses were carried out in the study. Values are expressed as means 6 SEM. Because of the small sample size, as a result of the dose-escalation design Figure 1dEnrollment , outcomes, and pharmacokinetics. A: A total of 329 patients with type 2 diabetes underwent physical and biochemical screening; 231 were found to be ineligible according to entry criteria. Ninety-eight patients were randomly assigned to receive either gevokizumab or placebo. In the gevokizumab group, one patient was withdrawn after ,1 week. A total of 98 patients completed the 13-week treatment and evaluation of study end points. B, C, and D: Plasma concentrations following a single intravenous (IV) (n = 55) (B), subcutaneous (SC) (n = 16) (C), or multiple subcutaneous (n = 10) (D) doses of gevokizumab. (A high-quality color representation of this figure is available in the online issue.) of the study, patients with the single intravenous or subcutaneous injection of gevokizumab were combined to placebo/ low-, intermediate-, and high-dose groups, as follows, in order to allow statistical testing. Patients with placebo and the extremely low dose of 0.01 mg/kg were combined as the placebo/low-dose group; patients with 0.03 and 0.1 mg/kg as the intermediatedose group; and patients with 0.3, 1.0, and 3.0 mg/kg as the high-dose group. Statistical differences were tested with the use of a Wilcoxon rank sum test. A P value of ,0.05 was considered to indicate statistical significance. All reported P values are two sided.
RESULTS
Baseline characteristics and compliance Ninety-eight of 329 patients initially screened were randomly assigned to placebo or treatment with gevokizumab (Fig. 1A) . The most frequent reason for ineligibility was an HbA 1c level ,7.5%. Table 1 shows the baseline characteristics of patients after randomization. Most demographic and baseline characteristics were well balanced between the groups. The exceptions were median glycated hemoglobin in the singledose intravenous subjects, which at 8.6% was slightly lower than the other groups; duration of diabetes ranking from 5.8 to 9.7 years; and differences in treatment. None of these differences were statistically significant.
All subjects but one completed the study. That patient was diagnosed with metastasizing carcinoma of the appendix ,1 week after receiving 0.1 mg/kg gevokizumab. The cancer was discovered after the patient disclosed a chronic recurrent pain of the upper abdomen for many months; this information was not stated by the patient at screening. The patient remained in the study for safety monitoring but did not perform the glucose tolerance tests.
The
Primary end point
Safety. Gevokizumab administered over two logarithmic dose intervals was safe and well tolerated. There were two serious adverse events, including a carcinoma of the appendix (see above) and a carotid artery occlusion, which occurred 44 days after the last injection of the study drug at a dose of 0.03 mg/kg. Both adverse events were not judged as related to the study drug. One patient experienced hypoglycemia. He also was treated with insulin and remained asymptomatic after reduction of the insulin dose.
Secondary end points
Pharmacokinetics. The pharmacokinetics of intravenous gevokizumab demonstrated a dose-proportional biexponential decline, with a mean b half-life of 22.4 6 0.9 days and a mean clearance of 2.5 6 0.1 mL/day/kg (Fig. 1B) . The concentration-time profile for the single subcutaneous dose was characterized by an absorption phase followed by a one-compartment elimination phase, with a mean elimination half-life of 23.9 6 0.9 days and a mean clearance of 3.5 6 0.3 mL/day/kg (Fig. 1C) . A supplementary population pharmacokinetic analysis determined the absorption rate constant to be 0.13 6 0.02 mL/day/kg and the bioavailability to be 69 6 4%. Initial and terminal half-lives, clearance, and volume of distribution were typical for a human antibody subject to a nonspecific clearance mechanism. Gevokizumab showed predictable dose linearity with maximum concentrations proportional through the observed dose range. Samples from three subjects were confirmed positive with antibody against gevokizumab. The titer levels for all three subjects were low (,250 pg/L) and did not impact on the half-life of gevokizumab. Glycemia. Glycated hemoglobin decreased in a dose-dependent, U-shaped manner, with the greatest decline from baseline glycated hemoglobin seen in the 0.1 mg/kg dose group at all time points. After 1 month, the mean HbA 1c reduction from baseline in the intermediate-dose group (0.03 and 0.1 mg/kg) was 20.41 (60.09) and 20.30% (60.10) in the placebo/low-dose group (placebo and 0.01 mg/kg), respectively (P = 0.46) (Fig. 2A) . After 2 months, the intermediate-dose group had a mean reduction from baseline in HbA 1c of 20.49% (60.12) compared with 20.05% (60.13) in the placebo/low-dose group, which was a statistically significant difference (P = 0.017) (Fig. 2B) (Fig. 2C) . Thus, the placebo-corrected mean glycated hemoglobin decrease was 20.11, 20.44, and 20.85% after 1, 2, and 3 months, respectively, between the intermediate-dose and placebo/low-dose groups.
The decrease from baseline in mean glycated hemoglobin in the high-dose group (0.3, 1.0, and 3.0 mg/kg) did not reach statistical significance after 1, 2, or 3 months, respectively, consistent with the U-shaped dose-response curve. In addition, the small subgroup of patients (n = 5 for each 0.03 and 0.3 mg/kg) receiving three consecutive (baseline and days 14 and 28) subcutaneous injections of gevokizumab did not reach statistical significant changes in HbA 1c . b-Cell secretory function. Along with the changes in glycated hemoglobin, mean C-peptide release in the combined oral glucose and intravenous stimulation tests was significantly increased from baseline in the intermediate-dose group after 1 month (+43.4 6 14.8 nmol/L z min) but not in the placebo/low-dose group (23.6 6 13.4 nmol/L z min; P = 0.045) (Fig. 2D) . After 3 months, an increase in mean C-peptide release from baseline was observed in the intermediate-dose group (+25.5 6 28.9 nmol/L z min) compared with the placebo/low-dose group (210.3 6 14.9 nmol/L z min), although not reaching statistical significance (P = 0.39) (Fig. 2E) . Insulin sensitivity measures. Wholebody insulin sensitivity index was slightly, but not significantly, increased in the intermediate-dose group after 1 month (mean increase +0.10 6 0.12 compared with baseline; P = 0.2). At the same time, there was a decrease in the high-dose and placebo/low-dose groups (20.33 6 0.29 and 20.16 6 0.14 decrease compared with baseline, respectively). Systemic and leukocyte inflammation. In parallel to HbA 1c values, levels of CRP were lowered in a dose-dependent, U-shaped fashion (Fig. 2F-I) , with the most pronounced decreases at the earlier time points. When dose groups were combined as described above and CRP levels .20 mg/dL were excluded from the analysis because they suggested ongoing infection, there was a statistically different change in CRP at day 14 in the intermediate-dose group compared with baseline (P = 0.0063), with strong trends after 1 and 2 months (P = 0.08 and 0.05, respectively). This effect was less pronounced in the high-dose group, reflecting the same dose effect as for HbA 1c and area under the curve of C-peptide. As expected, neutrophil and platelet counts were slightly decreased by gevokizumab but remained within the normal range (data not shown).
The anti-inflammatory effect of gevokizumab on ex vivo cytokine production also was tested in whole-blood cultures in patients from the Swiss arm of the study. Gevokizumab decreased total TNFa production induced by LPS (Fig. 3A-D) . Moreover, spontaneous production of IL-6 from peripheral blood cells of patients treated with gevokizumab was time dependently decreased, most potently at 0.3 mg/kg on day 28 ( Fig. 3E-H) . In contrast, the anti-inflammatory cytokines IL-1Ra as well as IFNg remained unaffected by the treatment (not shown).
CONCLUSIONSdThis single-and multiple-dose study with the anti-IL-1b antibody, gevokizumab, provides preliminary data for a disease-modifying approach to type 2 diabetes by targeting the master inflammatory cytokine impairing the insulin-producing b-cells. Of note, because the IL-1 receptor antagonist used in an earlier trial in type 2 diabetes (5,6) blocks receptor binding and signaling in response to both IL-1a and -b, this is the first study to show that specific neutralization of IL-1b yields similar effects. If confirmed, this observation provides evidence that IL-1b antagonism alone may be sufficient to reduce b-cell failure, allowing for a therapy that spares the action of IL-1a, providing a safety advantage over IL-1 receptor blockade.
No evidence of safety or pharmacokinetic issues for gevokizumab was identified. The effects observed on glycemia, C-peptide secretion, and CRP support previous studies using IL-1Ra (5-7) and are in line with more recent studies using other neutralizing antibodies to IL-1b (14, 15) .
We compared ex vivo cytokine production from cultured whole blood from patients treated with either gevokizumab or placebo and observed a consistent reduction in the total TNFa as well as IL-6 synthesized at all doses of gevokizumab. Although such a reduction was anticipated since IL-1b can induce TNFa and IL-6, the greatest reduction in IL-6, but not of TNFa, was observed 28 days after the infusion of gevokizumab, and IL-6
was not reduced at the dose of gevokizumab most potently reducing CRP, suggesting a reprogramming effect of 28 days of IL-1b inhibition in the myeloid compartment of the bone marrow independent of effects on systemic inflammation. However, the production of the anti-inflammatory IL1Ra was unaffected by the same doses of gevokizumab that reduced CRP and glycated hemoglobin. Of importance, the production of IFNg induced by the combination of IL-12 plus IL-18 was unchanged in gevokizumab-treated patients (not shown), in accordance with other studies of gevokizumab measuring the production of IFNg (16) as well as in mice deficient in IL-1b. IFNg is a key cytokine in protecting the host from opportunistic infections (17, 18) . In over 100,000 patients with rheumatoid arthritis treated with anakinra, there are no reports of increased opportunistic infection, which is in sharp contrast to patients treated with TNFa-blocking therapies (18) . These data suggest that the IFNg-sparing effects of blocking IL-1b is associated with an advantageous risk profile of gevokizumab and other IL-1 antagonists with regard to opportunistic infections.
The most beneficial and consistent effects on glycemia, C-peptide secretion, and inflammatory parameters appeared at intermediate doses of gevokizumab. Unexpectedly, with increasing doses, a U-shaped dose-response relationship was observed. Although no toxic effects were observed at the higher concentrations of the anti-IL-1b antibody, a decrease in efficacy was apparent. Assuming that this preliminary observation is confirmed, one explanation may be the physiologic role of inflammation. Indeed, very low concentrations of IL-1b promote insulin secretion and b-cell proliferation (19) . At higher doses, the potency of gevokizumab in neutralizing endogenous IL-1b may deprive the b-cell of these physiologic levels of IL-1b. Likewise, excessive IL-1b plays a pathological role in many inflammatory diseases (9), but low levels serve host defense, promote healing, and enhance growth factor production. Furthermore, IL-1b governs a large panel of cytokines and chemokines, some having beneficial effects under specific conditions: IL-1b causes recruitment of macrophages to islets, which, depending on the level of activation, may be beneficial or deleterious to the b-cell secretory function (20, 21) . Furthermore, IL-6, which also is regulated by IL-1b, promotes b-cell function via glucagon-like peptide-1 production A growing number of animal studies have demonstrated a role for IL-1b in insulin resistance (23) (24) (25) (26) . In humans, studies hint at a role for IL-1b in insulin resistance (23, 27) , and a study in patients with prediabetes treated with anakinra pointed to improvement in insulin sensitivity; however, only in patients without injection site reactions (7). In the current study, a tendency toward such effects also was observed. Because of differences in level and type of inflammation, and blood flow between islets and insulin-sensitive tissues, other doses and duration of treatment may be necessary to uncover and make use of these effects. In addition, patients were not subjected to hyperinsulinemiceuglycemic clamps, which may have uncovered such effects.
The improvement of HbA 1c could be attributed to enhanced insulin secretion or action. On the one hand, the improvement Figure 2dChanges in glycated hemoglobin, b-cell secretory function, and CRP during the study period. Average absolute differences in glycated hemoglobin levels between baseline and 1 (A), 2 (B), and 3 (C) months in each study group (n = 15 for placebo, n = 10 for 0.01 mg/kg, n = 15 for 0.03 mg/kg, n = 16 for 0.1 mg/kg, n = 15 for 0.3 mg/kg, n = 10 for 1.0 mg/kg, and n = 5 for 3.0 mg/kg at 1 and 2 months and n = 5 for all groups at the 3-month time point). b-Cell secretory function was assessed by a 2-h oral glucose tolerance test, followed by intravenous stimulation with 0.3 g glucose/kg body wt, 0.5 mg glucagon, and 4.5 g arginine. Average absolute differences between baseline and 1 (D) and 3 (E) months are shown (n = 5 for placebo and 0.01, 0.03, 0.1, 0.3, and 1.0 mg/kg). Average absolute differences in CRP between baseline and 2 weeks (F) and 1 (G), 2 (H), and 3 (I) months in each study group (n = 15 for placebo, n = 10 for 0.01 mg/kg, n = 15 for 0.03 mg/kg, n = 16 for 0.1 mg/kg, n = 15 for 0.3 mg/kg, n = 10 for 1.0 mg/kg, and n = 5 for 3.0 mg/kg at 2 weeks and 1 and 2 months and n = 5 for groups at the 3-month time point). The data are depicted as means 6 SEM.
of HbA 1c did not show a clear correlation with the increase of C-peptide secretion. On the other hand, the improvement in insulin sensitivity failed to reach statistical significance. However, the small sample size of our study does not allow for a definitive conclusion on the underlying mechanism of improvement of glycemic parameters.
Levels of CRP were consistently decreased by gevokizumab in the current study and consistent with other IL-1 blocking agents (9) . A reduction in CRP often is interpreted as beneficial and associated with less cardiovascular risk in type 2 diabetes. Accordingly, a large phase 3 study using an anti-IL-1b antibody in 17,000 patients recently has been launched (28) . This should allow uncovering the full potential of IL-1b antagonism in the treatment of cardiovascular disease and diabetes.
